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Durum wheat landraces are still cultivated to take advantage of their excellent grain and
straw quality, adaptation to abiotic stresses, and extremely wide variety of uses. The safe-
guarding and rehabilitation of genetic inheritance requires genetic characterization and evalu-
ation. In this study, forty durum wheat landraces originating from Mediterranean countries
were evaluated according to agro-morphological and technological properties. We show that
the germplasm was highly variable. The mean yellow pigment and protein content was higher
in landraces (15.58%; 7.32 ppm) than in the Moroccan cultivars used as controls (14.6%; 5.48
ppm). In addition, principal component analysis identified five groups showing variable agro-
nomic and qualitative characteristics that might be useful in the rational design of breeding
programs.
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Introduction
Wheat grain is a staple food that contains numerous compounds beneficial to nutrition and
health (Kimball et al. 2001; Zhao et al. 2009), particularly proteins, carbohydrates, and ca-
rotenoids. In total, 16% and 26% of the total dietary calories come from wheat in develop-
ing and developed countries, respectively (Ortiz et al. 2008). As wellbeing of nutritional
value, these components also constitute a criterion for the assessment of semolina quality.
Historically, durum wheat (Triticum turgidum ssp. durum) was first domesticated over
12,000 years ago in the Middle East, with its cultivation and use subsequently spreading
globally during the Neolithic Revolution (Charmet 2011). Commercially speaking, it is an
important tetraploid wheat species and the major grain source of semolina for production
of pasta, couscous and bulgur that originated and diversified in the Mediterranean Basin
(Mac Key 2005). This region, in spite of its climate, accounts for 60% of global wheat pro-
duction and represents the greatest source of genetic diversity in durum wheat germplasm,
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as indicated by the high levels of polymorphism present in local landraces (Moragues et al.
2006, 2007; Royo et al. 2010).
Landraces are a mixture of traditional crop varieties developed by farmers through
years of natural and human selection, and which are adapted to local environmental condi-
tions and management practices (Ganeva et al. 2010). Although their yields are often low
(Ehdaie et al. 1988; Blum et al. 1989), Mediterranean landraces have been found to be well
adapted and possess traits that are lacking in modern cultivars (Moragues et al. 2006).
The global demand for grain is expected to have grown by 40% by 2020, compared to
levels in the latter half of the 1990s (Rosegrant 1997), in line with increasing food diver-
sity and market demand (Zhang et al. 2004; Wang et al. 2005). There is therefore renewed
interest in wheat landraces and primitive cultivars as an important source of genetic varia-
tion (Brush 1995), mainly because the trend towards greater uniformity has narrowed the
genetic basis of modern wheat cultivars and increased their vulnerability to biotic and
abiotic stresses (Masood et al. 2005). In view of this, there is a need to develop new geno-
types with improved nutritional qualities combined with high yields (Iftikhar et al. 2012).
Landraces, as a reservoir of underexploited genetic diversity (De Vita et al. 2007), can
therefore contribute to the development of germplasm pools (Srivastava et al. 1988).
Grain protein concentration, gluten strength, and yellow pigment content are the most
important quality attributes for durum breeding, and have driven the focus of breeders’ ac-
tivities in recent years (Blanco et al. 2011). Of these, protein content is the most important
trait in wheat production and the most important factor determining the end-use quality,
such as in pasta-making (Zhao et al. 2010), in which high nutritional value (Blanco et al.
2011) and strong gluten are desirable (Troccoli et al. 2000). The swelling capacity of glu-
ten proteins in durum wheat affects the rate of sedimentation of a meal suspension in so-
dium dodecyl sulfate (SDS) medium, with higher gluten strength giving rise to slower sed-
imentation rate and higher sedimentation volume (Kumar et al. 2013). Strong gluten con-
fers greater firmness and stability to pasta after cooking, whereas pasta made with weak
gluten semolina tends to deteriorate rapidly and become soft with overcooking (Payne
1987). More recently, pasta color has become important as an aesthetic factor that influ-
ences consumer choice (Feillet et al. 2000; De Vita et al. 2007) and is largely determined
by the accumulation of carotenoids in the endosperm. Carotenoids are also excellent anti-
oxidants, and have been shown to reduce oxidative damage to biological membranes by
scavenging peroxyradicals (Bast et al. 1996), which also contributes to the increased nutri-
tional value of pasta products (Troccoli et al. 2000).
In this study, we used a variety of assays to explore the variability in landrace geno-
types of durum wheat from nine different Mediterranean countries, including Morocco, in
order to assess the agro-morphological traits and factors that affect the quality of durum
wheat semolina.
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Materials and Methods
Plant material
A set of forty accessions of durum wheat (Triticum turgidum L. var. durum), of which 24
landraces originated from Morocco, were collected by the National Institute of Agro-
nomical Research. Sixteen durum landraces originated from six southern and eastern
Mediterranean countries were provided by the Gene Bank of the International Center for
Agricultural Research in the Dry Areas (ICARDA). In addition, five Moroccan cultivars,
‘Karim, ‘Tomouh’, ‘Marzak’, ‘Oued Zenati’, and ‘Isly’ were included as controls; the de-
tails of these taxa are presented in Table S1*.
Agro-morphological evaluation
Agro-morphological assessment was conducted in trials at Allal Tazi (34°31’N, 6°19’W;
INRA’s research station) using an augmented block design. Each entry was sown in two
rows 2.5 m long and spaced at 0.3 m. Standard agronomic management of soil prepara-
tion, fertilization, and weeding were applied, and the fertilizer used was 19-38-0 (N-P-K)
complex applied at 150 kg/ha, and amino nitrate (33.5% N) applied at 100 kg/ha.
During the study, four quantitative agro-morphological traits, namely days to heading,
days to maturity, plant height and 1000-kernel weight, were recorded using Bioversity In-
ternational Durum Wheat Descriptors.
Quality traits assessment
The quality parameters evaluated for each genotype were gluten strength determined by
the SDS (Sodium Dodecyl Sulfate) Sedimentation test following a standard method
(American Association for Cereal Chemistry (AACC) 1984), with the Marzak cultivar
used as check. Yellow pigments concentration particularly carotenoids content were as-
sayed by AACC 14-50 modified method (Santra et al. 2003). Color was evaluated by mea-
suring brightness (L*) and yellow index (b*) using reflectance colorimeter, the Chroma
Meter CR-400 (Konica Minolta) (D’Egidio et al. 1990), with the Tomouh cultivar used as
control for the yellow pigment tests. Proteins content was determined by using the stan-
dard Kjeldahl method (AACC 1976), with the Oued Zenati cultivar used as control. Test
weight was determined by using an Aqua-TR (Tripette and Renaud Chopin).
Statistical analysis
Differences between groups were compared by analysis of variance (ANOVA) and with
the Tukey post-hoc test; p < 0.05 was considered statistically significant. In addition, prin-
cipal components analysis (PCA) and Pearson correlation coefficients (r-values) deter-
mine relationships and correlations between various characteristics. All statistical analy-
ses were performed using SAS software version 9.1 (SAS Institute Inc, Cary, NC, 1997).
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* Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
Results
The analysis of genetic variability is based on both of the four agro-morphological traits
and five quality traits of 40 durum wheat genotypes. Local durum accessions were vari-
able for the most of traits evaluated (Table S2). With respect to agronomic traits, there was
a large variation in heading time between landraces, ranging from 100 ± 7.65 to 122 ± 7.65
days (mean 110.32 ± 7.65 days), and from 100 ± 0.96 to 102 ± 0.96 days for cultivars
(mean 101.25 ± 0.96 days). Physiological maturity ranged from 160 ± 2.36 to 167 ± 2.36
days for landraces (mean 164.55 ± 2.36 days), and for cultivars it ranged from 160 ± 0.5
(for Marzak) to 161 ± 0.5 days (for Karim, Tomouh, and Isly; mean 160.75 ± 0.5 days).
Some of the accessions (PL3, PL11, PL15, PL22, PL24, PL36, PL39, and PL44) were
early maturing. The evaluation of plant height suggested a decreasing trend from old to
modern cultivars, from 154 ± 13.25 cm for landraces to 109 ± 7.42 cm for the Tomouh
cultivar. The 1000-kernel weight ranged from 20.83 ± 5.14 to 45.17 ± 5.14 (mean 32.52 ±
5.14 g) for landrace genotypes, and between 32.02 ± 4.2 and 41.25 ± 4.2 g for cultivars
(mean 37.99 ± 4.2 g). The test weight showed similar results, ranging from 64.64 ± 5.86 to
87.73 ± 5.86 kg hL–1 (mean 79.22 ± 5.86 kg hL–1) for landraces and from 81.26 ± 4.18 to
90.69 ± 4.18 kg hL–1 for cultivars (Isly the highest; mean 86.32 ± 4.18 kg hL–1).
There were significant differences in all the quality traits studied; a clear trend was evi-
dent for the yellow pigment parameters (b, L, beta-carotene concentration, or yellow pig-
ment content) from landrace genotypes compared to cultivars. The landrace genotypes ex-
hibited significantly higher yellow pigment concentrations compared to cultivar controls
(Table S3). In fact, of the genotypes evaluated (Tables S2 and S3), the yellow pigment
content values of landraces were higher than those observed for the Tomouh cultivar used
as control (9.79 ± 1.17 ppm and 8.36 ± 2.28 ppm, respectively); furthermore, the lowest
value was 5.26 ± 1.17 ppm, whereas in cultivars it was 3.53 ± 2.28 ppm (Isly). Similar re-
sults were observed for yellow index b compared to the Tomouh cultivar control (b =
21.54 ± 2.21). By contrast, the same accessions expressed brown index L values relatively
lower than observed with Tomouh (L = 89.28 ± 1.88). Protein concentrations decreased
from landraces to cultivars, the mean value dropping from 15.58 ± 2.12% in landraces to
about 14.59 ± 0.6% in cultivars, compared to 16.09 ± 0.6% in the Oued Zenati cultivar
control (Table S1). With respect to SDS sedimentation volume, the mean value was ap-
proximately the same in landraces (44.53 ± 7.87 ml) and cultivars (45.09 ± 16.39 ml). SDS
volume was significantly lower in landrace genotypes (18.9 ± 7.87 ml) compared to the
lowest cultivar value (Karim; 28.3 ± 16.39 ml). The highest SDS volume was observed in
the Marzak cultivar (63.3 ± 16.39 ml), compared to 58.2 ± 7.87 ml in the landrace geno-
types.
PCA was used to visualize and compare durum wheat trait relationships and their role
in genotype characterization. PCA explained 75% of the total variation, which is a good
approximation of the total variation of the standardized data (Fig. S1). Test weight (PS),
protein content (TP), and yellow pigment parameters (L, b and YP) explained component
PC1 and 60% of the variation. 15% of the variation was explained by PC2: days to heading
(JE), days to maturity (JM), and gluten strength (SDS) had the greatest effect. Expecting
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the gluten strength, all the other traits evaluated (thousand-kernel weight, plant height,
days to maturity, days to heading) have relatively a long vectors, suggesting that there was
relatively large variation among accessions especially the yellow pigment; where the
mean value of yellow pigment index seems to be the highest at landraces in comparison to
modern cultivars (Isly, Karim, Tomouh and Marzak). The Pearson correlation coefficient
(r) values (Table S4) show that days to heading was positively and very significantly cor-
related with days to maturity (r = 0.887), but the correlations between 1000-kernel weight
and phenological characters were very weak (r = 0.005; r = –0.004). Plant height corre-
lated positively with days to heading (r = 0.427) and days to maturity (r = 0.447). Test
weight correlated negatively with days to maturity and days to heading (r = –0.317 and r =
–0.279, respectively) but positively and very significantly with 1000-kernel weight (r =
0.611). A strong and significant correlation was observed between yellow pigment con-
centration and the yellow index b (r = 0.656).
Discussion
Variance analysis (Table S3) revealed significant variability between the 40 accessions
for all traits, consistent with previous studies of variability in durum wheat landraces
(Taghouti et al. 2006; Zarkti et al. 2010). With respect to agronomic traits, a large varia-
tion in heading time was present within the landraces. Conversely, a progressive reduction
in the vegetative phase was observed in cultivars, due to the breeding improvements made
in these modern accessions. The early heading time was strongly correlated with maturity
days, since the length of the life cycle was only marginally reduced (Fig. S1 and Table S3).
The accessions PL3, PL11, PL15, PL22, PL24, PL36, PL39, and PL44, which were gener-
ally early durum wheat landraces, can therefore be used in breeding programs to develop
early maturing varieties. The evaluation of plant height indicated that landraces were rela-
tively taller than the improved cultivars. This is a typical feature of landraces, which excel
in their capacity to support panicle growth by large stem reserve mobilization (Ayed et al.
2010). In fact, short plant height confers a better capacity to tolerate dryness (Ben
Abdallah and Ben Salem 1993), which might be explained by greater glucose storage abil-
ity in the stems during the period preceding anthesis (Oury et al. 1995). The 1000-kernel
weight, one of the most important yield components considered in the selection criteria for
developing high-yield wheat genotypes (Iftikhar et al. 2012), shows a clear increase over
time from landraces to modern cultivars, indicating that breeders have been successful in
improving the yield of this crop, in agreement with some (Tesfaye et al. 1991; Masood
et al. 2005; Koksal 2009), but not all, authors (Siddique et al. 1989; Slafer and Andrade
1989; Slafer and Miralles 1993) all reported that modern cultivars have a lower grain
weight than older cultivars. This difference may be due to variations in the genotypes stud-
ied or the prevailing environmental conditions.
With respect to the association between various traits and the 1000-kernel weight, we
can conclude the following: days to heading was positively and significantly correlated
with plant height, while there was a negative association between phonologic traits (days
to heading and days to maturity) and the 1000-grain weight. In addition, ANOVA and
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PCA analysis showed that the landraces that were, on average, later in days to heading and
days to maturity were taller than the cultivars, but had lower values for 1000-kernel
weight, clearly indicating the effectiveness of early maturing genotypes for obtaining
higher grain yields. These results help us to appreciate the selective pressure imposed by
breeders on phonology and plant height in order to select cultivars well adapted to
semi-arid conditions, where early maturity is better suited to drought. This finding repre-
sents a benchmark for future durum breeding activities and is consistent with the pub-
lished literature (Belay et al. 1993; Ramzan et al. 1994; Khan et al. 2010). These parame-
ters can be used as direct criteria for improving durum wheat yields.
With respect to grain quality, there has been historical interest in test weight due to its
relationship with semolina yield (Irvine 1964; Matsuo and Dexter 1980). In this study,
there was a significant positive correlation between 1000-kernel weight and test weight
(0.45), in contrast to the results of others (Matsuo and Dexter 1980; Troccoli and Di Fonzo
1999). Although these two parameters affect the same characteristic, they seem to behave
differently with respect to milling yield. With respect to protein content, our results show
that modern cultivars frequently have lower grain protein concentrations than landraces,
consistent with previous findings (Austin et al. 1980; Slafer et al. 1990; Calderini et al.
1995; Ortiz-Monasterio et al. 1997). The increase in yield component traits is likely to be
accompanied by a decrease in protein content, which is a well-known phenomenon
(Lawlor 2002; Triboli and Triboi-Blondel 2002; Martre et al. 2003). Bogard et al. (2008)
suggest that grain protein content and 1000-kernel weight are related to genetic incompati-
bility (linkage, pleiotropy), partitioning efficiency, and competition for photosynthetic
energy between nitrogen and carbon-1, 2, 3.
SDS sedimentation volume had short vectors in PCA analysis, suggesting that the vari-
ability between accessions and cultivar controls was small; this is probably due to
polygenic control of gluten strength and a possible environmental effect on their expres-
sion, as suggested by previous genetic studies (Kumar et al. 2013). Both the landraces and
cultivars exhibited strong gluten strength on average, implying lower softening and com-
pressibility values compared to recent studies, in which SDS-volumes range from 20.5 to
38.0 mL (Sayaslan et al. 2012) and from 17.3 to 28.7 mL (Sakin et al. 2011). The yellow
amber color of durum wheat semolina and pasta remains of commercial value; our results
show that yellow pigment concentration is higher in landrace accessions than in modern
cultivars (9.79 ± 1.17); however, it is reported that the yellow pigment contents of durum
wheat fluctuates between 4 and 8 ppm (Troccoli et al. 2000). Since additive gene effects
largely control this trait with high heritability (Elouafi et al. 2001), it will be useful to ex-
ploit landrace richness in breeding programs aimed at improving the nutritional value of
durum and its end-products. A strong significant correlation was also observed between
the yellow pigment concentration and the yellow index b (0.656), as noted previously
(Blanco et al. 2011). The yellow index is a useful, fast, and safe method for screening yel-
low pigments in large-scale wheat breeding programs.
Overall, results shows that durum wheat landraces explored from Mediterranean coun-
tries harbor a broad range of genetic variation reflect the fact that local durum wheat has
been selected and used for centuries for different products. In the present study, a number
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of promising accessions have been identified that harbour specific traits, especially pro-
tein content and yellow pigment, which may have potential value in durum wheat breed-
ing programs that aim to combine high carotenoid concentration with high nutritional pro-
tein content and maintain yield. This has the potential to improve the nutritional, health,
and commercial quality of durum wheat.
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